Summary. The present study examines events of the Sertoli cell iron delivery pathway following the secretion of diferric testicular transferrin (tTf) into the adluminal compartment of the rat seminiferous epithelium. The unidirectional secretion of tTf by Sertoli cells was verified, in vivo, and it was shown that this protein is internalized by adluminal germ cells. It was further determined by Scatchard analysis that this internalization was mediated by high affinity transferrin binding sites on the surface of round spermatids, numbering 1453/cell and displaying a Kd = 0.6 x 10-9 M. Northern blot analysis of RNA isolated from adluminal germ cells, namely spermatocytes, round spermatids and elongating spermatids, indicated that these cells expressed Tf receptor mRNA and ferritin mRNA in levels inversely related to their stage of maturation. Finally it was determined that following binding and internalization in round spermatids, Tf became associated with the endosomal compartment and was recycled back to the cell surface. This study illustrates the immediate fate of tTf once it is secreted by the Sertoli cell. Thus, diferric tTf binds of Tf receptor on the surface of adluminal germ cells, is internalized by receptor-mediated endocytosis and the apoTfTf receptor complex is recycled back to the cell surface where apotTf is released into the adluminal fluid.
Iron is an essential nutritional requirement for all cells as constituent or cofactor of enzymes involved in processes such as respiration, nucleic acid synthesis etc. (for review see Morgan 1981) . Mammalian cells acquire this element via receptor-mediated endocytosis of serum transferrin (sTf).
In the testis, iron must be in constant supply since that lost in spermatozoa, which are continuously extruded form the seminiferous epithelium, must be replaced for utilization by differentiating germinal cells.
Offprint requests to: C.R. Morales
Tight junctions linking adjacent Sertoli cells separate the seminiferous epithelium into two physically distinct compartments: The basal and the adluminal compartments. In addition, these tight junctions form a permeability barrier, which makes up the major component of the blood-testis-barrier (BTB) and prevents the diffusion of macromolecules to and from the systemic circulation (Dym and Fawcett 1970) . Adluminal germ cells, namely spermatocytes and round and elongated spermatids, are thus prevented from obtaining their iron requirements directly from sTf. There must exist therefore an iron supply route that breaches the BTB to supply differentiating adluminal germ cells with iron.
Since the finding that Sertoli cells synthesize testicular Tf (tTf), an iron delivery model has been developing to explain how Sertoli cells may mediate the transport of iron across the seminiferous epithelium to adluminal germ cells Griswold 1980, 1984) . Serum Tf has been shown to undergo receptor-mediated endocytosis at the basal pole of Sertoli cells and recycle back to the interstitial space. In the process iron has been shown to dissociate from sTf and become associated, by an as yet undetermined mechanism, to tTf synthesized by the Sertoli cell. The diferric tTf is then known to be secreted by the Sertoli cell into the adluminal compartment where it is thought to interact with adluminal germ cells (Morales et al. 1986 (Morales et al. , 1987 . The nature of this interaction and ultimate fate of the iron-free transferrin (apoTf) still remained unclear.
The present study focuses on events following the secretion of diferric tTf into the adluminal compartment and in particular the nature of the interactions that may be occurring between tTf and germ cells located therein. Furthermore the hypothesis that adluminal germ cells may degrade rather than recycle apoTf is explored.
Materials and methods

Isolation of germ cells from mature rat
Germ cell preparation for mRNA isolation. Adult male SpragueDawley rats were sacrificed and the testes removed by a scrotal incision. The testes were washed with Hanks' Balanced Salt Solution (HBSS), decapsulated and lightly minced. The tissue was then suspended in 10 ml HBSS containing 4 mg collagenase, 6.64 mg deoxyribonuclease (DNase), 6 mM sodium pyruvate and 2 mM lactate. The suspension was incubated at 37~ for 10 min followed by an additional 15 rain incubation period with 18 mg trypsin, all the time with intermittent agitation. The supernatant containing the germ cells was then spun down at 700 x g for 5 min and the cells resuspended in 10 ml HBSS containing 18 mg trypsin inhibitor and 6.64 mg DNase.
The cell suspension was then spun again at 700 x g for 5 min, resuspended in 1% bovine serum albumin (BSA)-HBSS and sequentially filtered through 80-p.m and 35-1xm mesh to remove cellular debris. It was finally layered into a staput chamber and left to sediment for 2 h in a 400 ml linear 1-4% BSA density gradient with HBSS. Twenty 10-ml fractions were collected and each examined by contrast-phase microscopy for identification and assessment of germ cell type and percentage per fraction. Only those fractions containing pachytene spermatocytes, round spermatids (steps I-8) and elongated spermatids (steps 9-18) in purities of at least 90% were pooled and used to isolate their respective contents of RNA according to the guanidine monothiocyanate procedure of Cathala et al. (1983) .
Germ cell preparation for binding assays. The tissue was removed from the animal and processed in the same way as specified above. Subsequently, however, it was suspended in 10 ml HBSS containing 1300 units/ml DNase, 350 units/ml collagenase, 1 mg/ml trypsin inhibitor, 6 mM sodium pyruvate and 2 mM lactate. Following incubation and filtration as above, the suspension was directly layered into a similar gradient containing 50 mg trypsin inhibitor, 6 mM pyruvate, 2 mM lactate and also left to sediment for 2 h. Fractions were collected, identified, their percentages assessed as above and finally put on ice until the experiment began.
mRNA blotting
The isolated RNAs were mixed with sample buffer, which contained formaldehyde, formamide and HEPES-EDTA, denatured at 60 ~ C for 10 minutes, stained with 5 gl bromophenol blue and in all cases run on 1.2% agarose-formaldehyde gels. Following 15 20 h at 20 volts, the gels were washed with 1 x SSC and transferred to a nylon membrane in an LKB 2016 VACUGENE vacuum transfer unit using 20 x SSC as a transfer buffer. The membrane was then washed, dried until lightly moist and treated with ultraviolet light to crosslink the RNA to the nylon matrix.
Northern-blot analysis
In order to establish favourable hybridization conditions, the membrane was soaked in 30 ml of hybridization buffer (0.2 g BSA, 100 ml formamide, 80 ml NaH2PO4, 800 p.l 250 mM EDTA and 10 g SDS) in a hybridization chamber (Hoefer Scientific Instruments, Calif. USA) and incubated at 60 ~ C for 24 h. Pre-hybridization buffer was then withdrawn from the chamber and replaced with 30 ml of fresh hybridization buffer containing [32P]-labeled nick-translated cDNA for Tf receptor or in vitro transcribed ferritin L-chain mRNA labeled with [32p]-UTP. The chamber was then resealed and incubated at 42 ~ C for 24 hours. The nylon was removed from the chamber, washed to remove non-specifically bound activity, placed over a Kodak X-Omat AR film at -70 ~ C and developed after 1 week.
Densitometric analysis
Quantitative interpretation of radioautographs was carried out by assessing the relative density of bands by densitometric scanning of each band. In all cases three scans were made of each band and averaged to obtain an accurate result. A Zeineh Soft Lazer Scanning Densitometer (Biomed Instruments Inc., Calif., USA) was used for the measurements.
Preparation of probes
The pcD-TR1 plasmid containing the 4.9 kb Tf receptor cDNA sequence (Kiihn et al. 1984 ) was labeled with [3zP]-ATP (Dupont-NEM, Montreal, Quebec, Canada) by nick-translation according to manufacturer's specifications (Bethesda Research Laboratories, Md., USA). Unincorporated radioactivity was removed by G75 Sephadex colunm chromatography.
An SP-65 plasmid, obtained from the laboratory of Dr. H. Munro (Brown et al. 1983) , containing the cDNA sequence for ferritin L-chain in its EcoRl site was linearized by treatment with HindIII restriction enzyme and transcribed at 37 ~ C for 2 hours in transcription buffer containing SP6 polymerase (Promega-Fisher Scientific, Montreal, Quebec, Canada) in the presence of [3H]-UTP (Dupon-NEM, Montreal, Quebec, Canada) according to the procedure of Morales et al. (1987) . The resulting radiolabeled cRNA probe was then extracted with phenol/chloroform and precipitated with ethanol at 70 ~ C.
Transferrin labeling
Diferric Tf was prepared by disolving 10 mg lyophilized rat Tf (Organon Teknika Inc., Scarborough, Ontario, Canada) in I ml buffer (0.25 M TRIS-C1, pH 8, 0.06 M NaHCO3) and then incubated with 5 mM ferrous citrate for 3 h at room temperature. Removal of free iron was not necessary for our purposes.
[lzsI]-Tf was prepared by reacting 50 gg dTf with 2 mCi Na[125I] for 30 seconds using the chloramine T method. The reaction was halted by the addition of sodium metabisulfite. All tracers made were calculated to have a specific activity of between 5 7 itCi/gg. Labeled protein was separated from free radioactivity by G25 Sephadex column chromatography.
In vivo study of the secretion and fate of testicular transferrin
An adult rat was anesthetized and the testes exposed via an incision along the abdominal midline. The hepatic artery and portal vein were tied off as i mCi [35S]-methionine was injected under the tunica albuginea of each testis. The incision was then sutured and the animal given 5 ml of warm glucose i.p. Body temperature was maintained at 37 ~ C with the aid of a cervo-regulated heat lamp connected to a rectal temperature probe. 1 h later the testes were removed and rinsed with HBSS. Intertubular fluid (TIF) was collected by placing the decapsulated testes into 5 ml of ice-cold HBSS. 5 min thereafter the liquid was retained and the tubule mass washed two more times with ice-cold HBSS and the three 5 ml washes pooled as TIF. The intratubular fluid (SNF) was collected by extruding the washed tubules through a 20-gauge needle and the resulting sheared tubules spun at 17000 x g. The resulting supernatant was pooled with 1 ml of HBSS as SNF and the tubule pellet washed once more with HBSS and homogenized with cold IMPB (10 mM TRIS pH 7.4, 150 mM NaC1, 2 mM PMSF, 5 mM EDTA, 0.5% Triton X-100, 0.5% sodium deoxycholate). The homogenate was then spun at 17000xg and the supernatant fluid taken to be solubilized cells. Each fraction (TIF, SNF and solubilized cells) was preincubated with Pansorbin for 30 minutes and then immunoprecipitated with rabbit anti-rat Tf antibody, run on SDS-PAGE and the gels fluorographed (Chasteen and Williams 1981) .
Electron-microscope radioautography
[125I]-labeled Tf was microinjected through the rete testis into the seminiferous tubules of anesthesized rats. At 5, 15 and 30 min thereafter one animal was sacrificed and the testes perfused through the abdominal aorta with 2.5% glutaraldehyde buffered in sodium cacodylate (0.1 M, pH 7.4) containing 0.5% CaC12.
After perfusion, the testes were removed and immersed in the same fixative for I h at 4 ~ C and then dehydrated in alcohol and embedded in epon. Thin sections were cut, placed on 1% celloidincoated glass slides, and coated with a monolayer of Ilford L4 nuclear emulsion with an automatic coating instrument. After a 3-month exposure period at 4 ~ C, electron-microscope radioautographs were developed with a freshly prepared solution physical developer, preceded by gold latensification for fine silver grains (Kopriwa and Leblond 1962) . Sections were counter-stained with uranyl acetate and lead citrate.
Kinetic study of transferrin internalization and recycling in round spermatids
Round spermatids were isolated as specified above and the suspension divided into 5 replicates of 3 tubes each with each tube containing 3 million cells. The volume of each aliquot was brought up to 3 ml with incubation media IM (6 mM sodium pyruvate, 2 mM lactate and trypsin inhibitor in HBSS) and kept on ice. Excess [12sI]-labeled Tf (50 ~tl containing approximately I x 104 cpm) of specific activity 5 7 gCi/gg was then added to each cell suspension and left to bind, one ice, for 6 h. Unbound radioactivity was washed off the cells with ice-cold IM and the aliquots then slowly warmed to 37 ~ C for 10 min to allow internalization of the [125I]-Tf. At the end of this time period 0.1 mg/ml pronase was added to each aliquot to remove any remaining surface-bound Tf. The suspensions were then cooled to 4 ~ C. Each replicate was then incubated at 37 ~ C for various lengths of time, rapidly cooled to 4 ~ C and spun down at 3000 x g for 5 rain at 4 ~ C. Three samples of the supernatant were then taken, TCA precipitated, spun down and the resulting supernatants separated from pellets and each counted.
Scatchard analysis of transferrin binding assay in round spermatids
Testicular tissue from two adult male Sprague-Dawley rats was processed and loaded onto two 400 ml BSA-HBS density gradients. In this experiment only fractions containing round spermatids in relative purities exceeding 90% were retained and pooled.
In order to establish an optimal cell number for the binding study, a dilution assay was performed. The suspension was aliquoted into replicates of 4 tubes each with final cell concentrations ranging from 1 to 10 million cells/ml. Two replicates/group coincubated with excess cold Tf (2 lag/ml) and 22 000 cpm of [12s I]-labeled Tf to a final volume of 0.5 ml to assess nonspecific binding and the other 2 replicates of the same group coincubated only with 22000 cpm of [125I]-labeled Tf to assess specific ligand binding. Binding was left to occur for 6 h at 4 ~ C, following which the tubes were diluted to 3 ml with ice-cold IM and spun down at 1000 xg for 5 min at 4 ~ C. The resulting pellets were then counted, non-specific counts subtracted from specific ones, to determine which cell concentration had incurred the greatest degree of specific binding. The second dilution experiment to determine optimal binding time was carried out as above except that the cell number was held constant at 4 million and the incubation time varied from 1 to 16 h.
Finally the binding study was performed with an optimal cell concentration of 8 million cells/ml and an optimal incubation period of 6 h. In order to obtain a reliable Scatchard plot (Scatchard 1949) , 7 datapoints were considered desirable. Isolated round sper-47 matids were incubated in IM (with the addition of 0.5% BSA) at a final volume of 0.5 ml with 22000 cpm of [125I]-labeled Tf, specific activity 5-7 gCi/gg. Final concentrations of cold transferrin were: 0, 1, 3, 10, 30, 100, 300 and 2000 ng/ml as an excess to assess non-specific binding. Following binding all tubes were diluted to 3 ml with ice-cold IM (plus 0.5% BSA) and spun down at 1000 xg for 5 rain at 4 ~ C. The pellets were then counted for 10 rain and the raw data analysed and plotted with the use of GraphPad InPlot, a standard graphics computer program.
Results
Polarized secretion of testicular transferrin by Sertoli cells
In order to examine if testicular transferrin was internalized by adluminal germ cells, de novo protein synthesis in the testes of the rat was labeled with [35 S]-methionine. To prevent contamination of the system by newly synthesized hepatic sTf, the procedure also involved simultaneous ligation of the portal vein and hepatic artery. Each of the TIF, SNF and homogenates of non-dividing cells of the seminiferous tubules were isolated, immunoprecipitated with rabbit anti-rat Tf antibody, run on SDS-PAGE and fluorographed. Secreted proteins of Sertoli cells in culture were metabolically labeled with [35S]-methionine and used as molecular markers.
The resulting fluorograph revealed major bands running at 77 kD which correspond to immunoprecipitated [35S]-labeled tTf. These were associated, however, only with the intratubular fluids (SNF) and the cellular homogenates but not with the interstitial fluids (TIF) (Fig. 1) .
Germ cell internalization of [35S]-labeled testicular transferrin
Using the same protocol as above, testicular tissue was processed for germ cell separation on a staput velocity sedimentation gradient at 4 ~ C. Only high purity fractions of spermatocytes and round spermatids were pooled together, treated with trypsin to remove surfacebound Tf, homogenized and immunoprecipitated with rabbit anti-rat Tf antibody. The pellet was run on SDS-PAGE and the gel fluorographed.
The fluorograph shows that the [35S]-labeled protein, immunoprecipitated by the anti-Tf antibody, ran in a 77 kD band as indicated by the Sertoli cell markers. This corresponded to newly synthesized tTf secreted by the Sertoli cell that was internalized and retained by the isolated germ cells intracellularly (Fig. 2) .
Scatchard analysis of transferrin binding to round spermatids
Preliminary dilution experiments were first performed to establish an optimal cell concentration and binding time for the actual binding study. In the first case, highest specific binding was observed at a cell number of 4x 106 cells/reaction mixture while that in the second Round spermatids were isolated in the presence of trypsin inhibitor and at high purity by staput velocity sedimentation on a 4% BSA-HBSS density gradient. The cells were then aliquoted in 8 replicates of 3 tubes each at a concentration of 8 • 106/ml and incubated with 22000 cpm [125I]-labeled rat transferrin for 6 h at 4 ~ C. Final cold transferrin concentrations were 0, 1, 3, 10, 30, 100, 300 and 2000 ng/ml to assess non-specific binding (NSB). Following the binding period, tubes were diluted to 3 ml with ice-cold medium containing 0.5% BSA. The suspensions were finally spun down, counted and the raw data interpreted using the method of Scatchard dilution experiment was f o u n d after a p e r i o d o f 6 h and r e m a i n e d relatively c o n s t a n t thereafter.
The binding assay was therefore carried out for 6 h with 4 x 106 cells/reaction tube and the resulting d a t a interpreted according to the m e t h o d of Scatchard by plotting the ratio o f specifically b o u n d [125I]-Tf a n d free ligand against the c o n c e n t r a t i o n o f b o u n d ligand (Fig. 3) . The linear n a t u r e o f the plot suggested that a single receptor type was expressed on the surface o f r o u n d spermatids under these conditions. A correlation coefficient o f 0.9 was calculated, taking all points into consideration. M a t h e m a t i c a l i n t e r p r e t a t i o n o f the slope d a t a reveals an a p p a r e n t Ka o f 0 . 6 x 10 -9, indicating a high affinity binding site. A c c o r d i n g to the x-intercept, the n u m b e r o f T f binding sites present on the surface o f each r o u n d s p e r m a t i d was ~ 1453. 
Examination of transferrin receptor m R N A and ferritin L-chain m R N A expression by developmental analysis
Total testicular R N A was isolated from rats aged 10 to 45 days and each sample suspended in an equal volume o f water. C o n c e n t r a t i o n s o f R N A and record o f the m o s t a d v a n c e d cell type at each age is listed in Table 1. 5 ~tl of each sample was then f r a c t i o n a t e d on a 1.2% a g a r o s e -f o r m a l d e h y d e gel and transferred onto a Step 1-3 Spermatid 0,9 1.8 5 30
Step 6-8 Spermatid 1,7 2.4 6 35
Step 13 Spermaid 2.0 4.0 7 40
Step 16-17 Spermatid 2.9 5.8 8 45
Step 18 1 to 8) . The RNA was isolated from whole testis and equal volumes (5 pl) were fractionated so that the intensity of the resulting bands could be visualized relative to the total amount of specific mRNA per testis. The lanes represent a radioautograph of a blot probed with a [32p]-labeled nick-translated cDNA probe specific for transferrin receptor mRNA Fig. 5 . Northern blot analysis of testicular mRNA isolated from rats aged 10, 15, 20, 25, 30, 35, 40 and 45 days (lanes 1 to 8) . The RNA was isolated from whole testis and equal volumes (5 ~tl) were fractionated so that the intensity of the resulting bands could be visualized relative to the total amount of specific mRNA per testis. The lanes represent a radioautograph of a blot hybridized with a [32p]-UTP-labeled cRNA probe transcribed from an SP65 linearlzed vector containing the L-chain ferritin cDNA nylon membrane where the samples were crosslinked to the matrix with UV light.
Two separate membranes produced as above were used for the hybridization experiment. The first blot was hybridized with a [32p]-labeled nick-translated cDNA probe specific for Tf receptor mRNA and the second was hybridized with a [3/p]-UTP-labeled in vitro-transcribed cRNA probe specific for ferritin L-chain mRNA. The blots were then washed free of non-specifically bound radioactivity and autoradiographed on X-ray film for 3-5 days.
Both RNA species were found to be expressed at (Fig. 5) with a densitometer. The readings indicate a significant increase in the levels of this mRNA species as the seminiferous epithelium matures. The increasing values correlate well with the successive appearance of pachytene spermatocytes, round and elongated spermatids each age-specific stage, hence continuously throughout testicular development (Figs. 4, 5) . Furthermore, the rates of expression of each mRNA species were shown to increase linearly with testicular age as illustrated by densitometric analysis of the autoradiographs (Figs. 6,   7 ). 
Expression and relative levels of transferrin receptor m R N A and ferritin L-chain m R N A in adluminal germ cells
Spermatocytes, round spermatids and elongated spermatids were isolated at < 9 0 % purity by staput velocity sedimentation on a 1-4% BSA gradient in HBSS. In the case of the elongated spermatid fractions, contamination was chiefly by residual bodies. The three resulting cell suspensions were then counted and the R N A extracted from the spun-down pellet of each cell type. The RNA-equivalent of 10 x 1 0 6 cells from each cell type sample was fractionated on a 1.2% agarose-formaldehyde gel and transferred onto a nylon membrane. The blot was then hybridized with a [32P]-labeled nick-translated c D N A probe specific for Tf receptor m R N A , washed and placed over an X-ray film for autoradiography for 3-5 days. The same blot was then striped of this probe by high-temperature boiling, rehybridized with a [32p]-UTP-labeled in vitro-transcribed c R N A probe specific for ferritin L-chain m R N A and autoradiographed.
As seen in Figs. 8 and 9, both m R N A species demonstrated a decreasing expression rate as adluminal germ cells matured. Densitometric analysis of each autoradiograph illustrates this linear decrease (Figs. 10, 11 ). The 
Recycling of transferrin in round spermatids
The question of recycling vs. degradation of internalized tTf by adluminal germ cells was addressed by incubating [12sI]-Tf-loaded isolated round spermatids in label-free Fig. 12 . Transferrin recycling profile in round spermatids. This study shows that testicular transferrin, following binding to cell surface receptors, is recycled back to the extracellular milieu of the adluminal compartment of the rat seminiferous epithelium. Round spermatids were isolated (<90% purity) in the presence of trypsin inhibitor and allowed to coincubate with [lzsI]-transferfin for 6 h at 4 ~ C. The incubation medium was then slowly raised to 37 ~ C to permit internalization of the label for 10 min. The cells were then treated with trypsin to remove all cell surface protein, both specific and non-specific, and washed 3 times with HBSS at 4 ~ C. Replicates were then allowed to incubate at 37~ for various lengths of time after which they were spun down and samples of the supernatants withdrawn, TCA precipitated and counted media for various lengths of time and by determining the relative presence or absence of radioactive Tf in the incubation media by trichloroacetic acid (TCA) precipitation. Precipitable radioactivity was taken to be intact "recycled" [ 12si]_Tf and nonprecipitable radioactivity was taken to be free [125I] liberated from the degradation of the internalized Tf in a putative lysosomal compartment.
Our results showed that the radioactivity localized to the precipitable fraction. That contained in each replicate was averaged and plotted against time (Fig. 12) . The resulting Tf recycling profile shows that a progressively increasing amount of [~2sI]-Tf was externalized by the round spermatids with time. It also indicates that recycling achieved a constant rate at ~ 10 min. In an attempt to account for the earliest recycled Tf molecules, the experiment was repeated and time points before 10 min were examined. The resulting data was similar to the first but failed to detect any radioactivity, above background levels, prior to 5 rain.
Internalization and subcellular localization of [ 12 5i]_labele d transferrin in adluminal germ cells
In electron-microscope radioautographs of seminiferous tubules collected at 5 rain following injection of [125I]-Tf, plasma membranes of round spermatids were well overlayed by radioautographic grains (Fig. 13) . At 15 min the label was internalized by the spermatids and localized to electron-lucent, membrane-bounded vesicles that were reminiscent of endosomes. Often the label was seen in close proximity to the plasma membrane associated with what may be small tubular vesicles (Fig. 14) . At 30 min following injection, the labeled Tf seemed to have completely exited the cell and the adluminal space, as indicated by the absence of silver grains, which again may be indicative of recycling (Fig. 15) .
Discussion
Transferrin, being the main iron carrier in mammals, serves to transport vitally required iron to all cells in the organism thus ensuring that critical enzymatic processes can take place (Bergeron 1986) . Adluminal germ cells of the rat seminiferous epithelium do not have access to sTf and thus depend on Sertoli cells to supply them with iron via tTf. Sertoli cells have in fact been shown to secrete tTf into the adluminal compartment, however, little is known of its fate therein (Morales et al. 1987) .
One of the objectives of this investigation was to test the hypothesis that haploid germ cells located in the adluminal compartment may either degrade or recycle internalized tTf. The reasoning for why the first possibility may exist is as follows: (1) that given their physically and environmentally unique disposition, adluminal germ cells may display endocytic function that differs from that of somatic cells; (2) that the presumed recycling of apoTf would seem to be futile since free iron or iron present in a chelatable form is not known to be a constituent of adluminal fluid; (3) that Sertoli cells have never been observed to internalize apoTf at their apical aspect, which potentially could be a means of apoTf reutilization; (4) that since there has been no function so far ascribed to apoTf in the semen, evolution may have provided for a means of disposal, perhaps via degradation in germ cells, of a carrier that is seemingly without function once released. Furthermore, studies carried out herein have attempted to clarify the locus of Tf receptor expression amongst the germ cell populations and to describe the mechanism by which these cells may acquire iron.
To verify, as a basis for this study, that tTf was in fact secreted adluminally by Sertoli cells in vivo, we metabolically labeled de novo protein synthesis in the rat testis using a similar approach to that described by Morales et al. (1987) . In order to ensure reliable results, it was necessary to prevent contamination, of the system under examination, by sTf. This was effectively accomplished by porta-hepatic ligation concomitant wit h the subcapsular injection of [3sS]-methionine. This eXperiment clearly verified that newly synthesized [3 sS]_tT f became associated with cellular elements of the seminiferous tubules and intratubular fluids but not with interstitial fluids. Furthermore, given that tTf activity is associated with the cellular fraction, which includes total germ cells, this experiment also leaves open the possibility that adluminal germ cells may internalize tTf.
These conditions having been confirmed, a similar experiment was carried out to ascertain whether or not tTf was in fact internalized by adluminal germ cells. In this case, however, the spermatogenic cells were separated by staput velocity sedimentation and done so at low temperature to ensure that any internalized tTf remained within the cells. Spermatocytes and round spermatids were used since they could be isolated in high purity without contamination of cytoplasts and cellular debris. Since the suspension was treated with pronase prior to lysis and immunoprecipitation, the radioactive band seen running at 77 kD must correspond exclusively to internalized newly synthesized tTf secreted from the Sertoli cell in vivo (Fig. 2) . Hence these results show that adluminal germ cells do internalize tTf.
In order to characterize and determine the presence of Tf binding sites on adluminal germ cells, binding data from [125I]-Tf coincubated with isolated round spermatids, under optimized conditions, was analysed using the method of Scatchard. The raw data was analysed and plotted using a standard graphics computer program from which a regression line was requested taking into account all datapoints. Because the B--0 datapoint was so far removed from the plot line it was considered to have occured by random error. This conclusion was supported by the calculated correlation coefficient=0.9 which also takes the B = 0 datapoint into account. In terms of r z, which is equal to 0.8, little variance was due to random scatter of the datapoints. The linearity of the plot and the kD value (0.6 x 10 .9 M) indicated a single type of binding site and that it is of very high affinity, respectively. These results are in agreement with those obtained by Holmes et al. (1983) where the Tf receptor on isolated pachytene spermatocytes was found to carry high affinity binding sites of a single type with an apparent kD value of 0.3 x 10 .9 M.
Whereas these authors reported spermatids to express 551 binding sites/cell, our data suggests that round spermatids carry 1453 high affinity binding sites/cell. Before carrying out our binding assay, optimal binding conditions for this particular cell type and ligand were carefully established. Dilution experiments to identify optimum cell concentration and binding time for the assay indicated that 8 x 106/ml and 6 h represented the best parameters, respectively. It is, however, not known, from this author's publication, under which conditions the cited experiments were carried out. The above discrepancy could also be explained by contamination by elongated spermatids, spermatocytes and other cellular debris, which was reported to be present to the extent of 30%. This factor could conceivably have caused an underestimation in receptor number.
Total RNA from prepubertal rats of increasing ages was isolated, resuspended in equal volumes of water and equal-volume aliquots fractionated by agarose-gel electrophoresis. In so doing the amount of Tf receptor mRNA relative to the stage of testicular development could be ascertained. Our results demonstrate that Tf receptor mRNA levels increase throughout the development of the seminiferous epithelium and, moreover, that the expression rate positively correlates with the multiplicative increase in germ cell number that accompanies this maturational process.
This correlation was taken to suggest that germ cells express this message. Since Sertoli cells do not increase in number after 20 days, it was reasoned that the observed increase was unlikely due to Sertoli cells. It could be argued however that Sertoli cells, despite their constant numbers, may have up-regulated their own Tf-receptor mRNA production as the epithelium matured, thus causing the observed pattern of increase. This interpretation, although unlikely, cannot be dismissed since there exist no studies to our knowledge documenting such a regulatory mode in Sertoli cells.
To conclusively demonstrate that adluminal germ cells actually do express Tf receptor mRNA and to examine the differential expression of this message amongst these cell populations, the mRNA equivalent of 1 x 107 ceils of each spermatocytes, round spermatids and elongated spermatids was subjected to Northern blot analysis with the same cDNA probe specific for Tf receptor mRNA. In this way the relative expression rates of this mRNA species, amongst the three classes of adluminal germ cells, could be visualized. This experiment clearly shows that Tf receptor mRNA is expressed throughout adluminal germ cell development. These results, furthermore, suggest that this expression decreases as adluminal germ cells differentiate from spermatocytes to elongated spermatids. Brown (1985) observed that anti-Tf receptor antibody labeled these cells, where spermatocytes were labeled most of all, spermatids to a lesser extent and elongating spermatids and mature spermatozoa, not at all. Our results confirm this decreasing trend in expression as depicted by densitometric analysis. We show, however, that elongating spermatids express the lowest levels of transcripts of all but nevertheless that it is expressed in this cell type. Our results also confirm studies recently carried out which showed that spermatocytes express Tf receptor mRNA (Roberts and Griswold 1990) .
Levels of ferritin L-chain mRNA in relation to seminiferous epithelium maturation and to adluminal germ cell development were evaluated exactly as above. This was done for three reasons: (1) to serve as a positive control for the Tf receptor experiment described above; (2) to determine if ferritin, which is closely involved with the storage of iron, was expressed and how its mRNA was expressed in this tissue, and (3) to ascertain how its levels may vary in relation to those of Tf receptor mRNA.
The Northern blot analysis shows that this species of mRNA is also expressed throughout the development of the seminiferous epithelium. The densitometric data reveals moreover that the expression profile of ferritin L-chain mRNA in relation to animal age is very similar to that seen for the Tf receptor mRNA. The profile character, which is thus common to both mRNA types, supports the notion that the increase is due to germ cell proliferation and that it is in fact the germ cells which are expressing these two mRNA species.
The Northern blot used to determine Tf receptor expression in adluminal germ cells was striped of the cDNA probe for Tf receptor and reutilized in the present experiment. When hybridized with a probe specific for ferritin L-chain mRNA, bands at 1.1 kb were detected. In terms of relative hybridization, variations were similar to those observed for Tf receptor mRNA. This positive control thus suggests that the result obtained for Tf receptor mRNA was reliable and specific. This finding also demonstrates that a positive correlation exists between the levels of these two mRNA species as a function of germ cell maturation. An explanation of why this correlation exists can, however, at this point, only be a matter of speculation.
For instance, it has been shown for a number of proteins that there is a progressive decrease in synthesis as germ cells approach spermiation (Hecht 1990) . At spermiation, germ cells are terminally differentiated and may display a decreasing need to acquire and store iron. In fact transcription has been shown to be terminated early in spermiogenesis, previous to or during the initiation of nuclear condensation (Hecht 1988) . It is therefore possible that this observed decrease is due and related only by the fact that transcripts for the two mRNA Fig. 16 . Updated schematic representation of the iron delivery pathway across the seminiferous epithelium of the rat. The lower box illustrates the first step of iron delivery: receptor-mediated endocytosis of diferric serum transferrin (Tf) at the basal pole of the Sertoli cell and recycling of apoTf back to the interstitial space. Acidification of the endosome containing the internalized complex results in the release of the iron atoms from serum Tf. It is then known that these atoms become associated with testicular Tf. The number and nature of the steps between the release of iron and its coupling to tTf still remain to be determined. At the upper aspect of the drawing it is shown that the diferric testicular Tf is secreted by the Sertoli cell into the adluminal compartment. The upper box illustrates the subsequent steps which have been characterized in this study. Hence, secreted diferric testicular Tf specifically binds to high affinity transferrin receptors on the surface of spermatocytes and spermatids. The newly-formed complex is then internalized by these cells and localizes to the endosomal compartment. Iron is presumably liberated following the same mechanism as above and stored in ferritin. Finally testicular Tf is recycled back to the lumenal fluid. Ser Sertoli cell; Sptd spermatid; Sptc spermatocyte; G spermatogonia; PL preleptotene spermatocyte; En endosome; RB residual body; 9 serum transferrin; zx testicular transferrin; 9 iron species, synthesized prior to transcriptional termination, are simply being depleted as adluminal germ cells mature towards spermatozoons.
One of the purposes of this investigation was to analyze the fate of tTf once having been internalized by adluminal germ cells. According to our hypothesis, there was good reason to believe that a novel system for the endocytic routing of tTf existed in adluminal germ cells. Again, round spermatids were used since these cells could be isolated in high numbers and purities. The [125I]-Tf-loaded round spermatids were treated with pronase to remove remaining surface-bound Tf and replicates were warmed for various lengths of time to allow activation of the endocytic apparatus. It was found that rather than conforming to our hypothesis, the results showed that measured radioactivity of suspension supernatants localized to the TCA precipitable fraction.
This observation indicated that intact Tf was being recycled out of round spermatids. Had degradation been taking place, free non-precipitable radioactivity was expected to have appeared in the suspension media. Our results from this experiment also suggest that recycling of the internalized Tf achieved a constant rate at approximately 10 min following reactivation of the endocytic apparatus by warming. This period is within the range of known recycling half-times from various cell lines examined in a similar way (Wileman et al. 1985) . Attempts to record the earliest time at which recycling occurred failed, presumably because levels of radioactivity prior to 5 rain were beyond our boundaries of detectability. Nevertheless an equilibrium recycling rate of ~ 10 min could be consistently reproduced. Therefore, according to the obtained recycling data, the endocytic routing steps for the Tf-Tf receptor complex in round spermatids are similar to those found in other cells.
As a means of identifying the subcellular compart-ments involved in the internalization and recycling of Tf, as observed in the above in vitro experiments, we employed electron-microscope radioautography. At 5 min following injection, the label was seen associated with the plasma membrane of a spermatid. This rapid association time was consistent with that found in other cells carrying high-affinity binding sites for Tf. At 15 rain the label was seen to have been internalized and to have entered the endosomal compartment. Interestingly some label was also seen in close proximity to the plasma membrane. It was not possible, however, to determine whether this Tf was entering or exiting the cell. At 30 min following injection, the corresponding autoradiograph showed that no label was found in endosomes or in the vicinity of the germ cells. Therefore this experiment presents additional support for the observation that tTf is internalized by adluminal germ cells and eventually recycled back, as apoTf, to the adluminal extracellular space. In addition it was observed that the binding and recycling characteristics of the apoTf-Tf receptor complex in these cells are consistent with those generally reported for a number of other cell types (Goldstein et al. 1985) .
In conclusion, the updated iron delivery pathway across the BTB of the rat seminiferous epithelium, according to the data contained herein, can be described as such: (1) diferric sTf is internalized by receptor-mediated endocytosis at the basal pole of Sertoli cells and the resulting receptor-ligand complex rapidly localizes to an acidic pre-lysosomal compartment; (2) while the aposTfTf receptor complex is recycled back to the Sertoli cell basal plasma membrane, iron diffuses into the cytoplasm and is somehow coupled to newly synthesized tTf; (3) this diferric tTf is then secreted into the adluminal compartment where it is specifically bound and internalized, via receptor-mediated endocytosis, by haploid germ cells located therein; (4) the tTf-Tf receptor complex localizes to the endosomal compartment where iron is presumably liberated and from which point tTf (presumably in its apo form) is recycled back to the adluminal fluid (Fig. 16) .
